U
nderstanding the process of HIV-1 sexual transmission on a molecular level may reveal vulnerabilities of the virus and identify specific host immune defense mechanisms critical for early interdiction, thus informing the rational development of intervention strategies, including the discovery and clinical testing of sterilizing vaccines. Several earlier studies investigated genetic and biologic properties of viruses or viral sequences isolated within the first weeks or months following clinical infection. Unique biological properties (N-linked glycan restriction, compact variable loops, and neutralization sensitivity) were observed for env genes derived following infections with clade A and C strains of HIV-1 (12, 15, 53) but not for clade B strains (12, 30) . However, limitations of these studies included the analysis of virus samples obtained one to 10 months following clinical infection, and PCR methods that did not use single genome amplification (SGA) techniques (12, 15, 30, 53) . Thus, in vitro artifacts of sequence recombination and base substitution could not be excluded (54) , and the identity of bona fide transmitted/founder (T/F) viruses remained elusive. Recently, Salazar-Gonzalez et al. (54) and Keele et al. (39) identified nucleotide sequences of env genes from viruses responsible for the acquisition of HIV-1 clinical infection, by definition, the T/F virus. Using viral RNA (vRNA) from plasma obtained during the earliest stages of infection, direct sequencing of uncloned single-genome amplicons (SG amplicons), and phylogenetic inference based on a model of random virus evolution (43) , Keele et al. demonstrated that in nearly 80% of the cases of HIV-1 sexual transmission, SGA sequences coalesced to just one ancestral sequence, the T/F sequence. Subsequent studies that included cohorts infected with clade A, B, and C viruses reached similar conclusions (1, 36, 54) . In cohorts of men who have sex with men (MSM) and injecting drug users (IDU), multivariant transmission is more common (4, 44) . HIV-1 deep sequencing (28) and studies in simian models (40, 45) have further validated the methods for unambiguous identification of T/F viruses and a precise assessment of their numbers.
Employing the same experimental strategy, we have more recently reported on the sequence of complete T/F virus genomes identified in subjects with clade B or C HIV-1 infection (55) . All inferred genomes were intact and comprised of nine genes with open reading frames (LTR-gag-pol-vif-vpr-tat-rev-vpu-env-nef-LTR). Studies of these T/F virus sequences and progeny arising from them have given new fundamental insights into early virus evolution and the ontogeny of the antiviral immune response (1, 26, 31, 34, 46, 56, 66) . We further hypothesized that the derivation with the Sequencher program (version 4.7; Gene Codes, Ann Arbor, MI) as previously described.
Generation of T/F IMCs from near-full-length SG amplicons derived from vRNA. The IMCs for four subjects (WITO4160, 700010040, 700010058, and 700010077) were generated from vRNA. vRNA was extracted from plasma by using a QIAamp viral RNA minikit (Qiagen, Valencia, CA), and cDNA copies of the vRNA were generated by reverse transcription using the SuperScript III protocol (Invitrogen Life Technologies, Carlsbad, CA), both as previously described (55) . Samples were heat inactivated at 70°C for 15 min and then digested with RNase H at 37°C for 20 min (Invitrogen Life Technologies, Carlsbad, CA). For each subject/ cDNA, multiple SG amplicons spanning from the 5= U5 through the 3= R were generated and directly analyzed by nucleotide sequencing (55) . For each of the four subjects, the SG amplicon containing the fewest mutations compared to T/F sequences was selected for TA cloning into the pCR-XL-TOPO vector (Invitrogen). For this, the ϳ9-kb PCR product (i.e., SG-amplicon) was purified utilizing a UV-Free Gel purification kit (Invitrogen). An adenine overhang was added by adding 0.5 l of Taq polymerase with 1ϫ buffer (Promega) and 0.2 mM concentrations of each deoxynucleoside triphosphate (dNTP), followed by incubation at 94°C for 2 min and then a single extension at 72°C for 10 min. The prepared DNA molecules were TA ligated into the pCR-XL-TOPO vector by using a TOPO XL PCR cloning kit (Invitrogen) according to the manufacturer's protocol. After transformation into One-Shot Top10 competent cells, bacteria were plated on lysogeny broth (LB) agar plates supplemented with kanamycin and grown overnight at 33°C. For each TA ligation, 9 to 150 colonies were obtained. Single colonies were selected and grown overnight in LB broth at 33°C with 200 rpm shaking, followed by miniprep plasmid DNA isolation (Qiagen). The miniprep DNAs were screened for successful insertion of a 9-kb fragment by checking sizes of undigested and EcoRI-digested samples; EcoRI was present at both flanking sites of the TA cloned viral sequence. Nine to fifteen clones, from each SG amplicon, displaying the correct EcoRI digestion pattern were analyzed by nucleotide sequencing.
Because the viral genomes cloned from 9-kb SG amplicons were incomplete and contained nucleotides not matching the inferred T/F sequences (see Results), the missing long terminal repeat (LTR) fragments were repaired and the nucleotide mutations were restored to those of the respective T/F sequence. This required a unique molecular approach for each TA-cloned T/F genome; thus, a detailed description of all of the molecular manipulations required for the generation of each IMC is not provided. Briefly, the missing U3 and R elements of the 5= LTR were reconstituted by PCR using the TA-cloned genome as a template to amplify 5= U3-and 3= R-containing DNA fragments. The 5=-end PCR DNA product extended into the untranslated region, encompassing a naturally existing unique restriction enzyme site. The two amplified DNA fragments (U3-R and U5) contained a region of complementarity at the R-U5 junction, which allowed by a subsequent PCR the generation of the complete 5= U3-R-U5 LTR. By PCR primer design, a unique restriction enzyme site was introduced 5= of U3 for ligation into the pCR-XL-TOPO vector that contained the cognate 9-kb genome. To restore the missing U5 region of the 3= LTR, a U3-R DNA fragment was PCR amplified from the 3= end of the cognate TA-cloned viral genome, wherein the sense primer was complementary to the sequence upstream of a naturally occurring unique restriction enzyme site, and the antisense primer extended beyond R encompassing T/F sequence-matching nucleotides in the 5= end of U5. Then, a U5-containing DNA fragment was PCR amplified from the 5= end of the cognate TA clone using a sense primer complementary to the 5= end of U5 and an antisense primer that introduced a unique restriction enzyme site 3= of U5 for cloning into the pCR-XL-TOPO vector. In a subsequent PCR, the two PCR products (U3-R and U5) were used to generate the complete LTR (U3-R-U5), which was then ligated into the 3= end of the cognate, TA-cloned, viral genome. Correction of Taq polymerase mutations was achieved by either ligating together DNA fragments matching the T/F sequence from several different TAcloned genomes when unique endonuclease restriction enzyme sites were available, by PCR amplification and cloning of DNA fragments wherein primers could be used to correct specific mutations, and/or by correcting specific nucleotide mutations via the QuikChange method.
The following reagents were used: the PCR polymerases used were either Phusion Hot Start high-fidelity DNA polymerase (New England Biolabs) or the Roche Long Template PCR System (Roche Applied Science). Primers for PCR amplification, including those for mutagenic PCR to correct nucleotides not matching the T/F sequence, were purchased from IDT (Coralville, IA). Some nucleotides mismatched with the respective T/F sequences were corrected by using the QuikChange XL kit (Stratagene). Restriction enzymes were purchased from Promega and New England Biolabs. Purification of DNA fragments after PCR or gel electrophoresis was conducted with either a QIAquick PCR purification kit or a QIAquick gel purification kit (both from Qiagen). DNA ligations were performed using T4 DNA ligase from either Promega (catalog no. M180A) or New England Biolabs (catalog no. M0202S). T4 DNA ligaseligated plasmids were transformed into either One-Shot Stbl3 chemically competent E. coli or MAX Efficiency Stbl2 competent cells (Invitrogen). All bacterial cultures were grown at 33°C. Highlighter analyses of the near-full-length genomes cloned from the SG amplicon WITO SGA_E1. The E1 sequence was identical to the inferred T/F genome and was selected for cloning. (D to F) Highlighter analyses of the near-full-length genomes cloned from CH040 (D), CH058 (E), and CH077 (F) SG amplicons. Each Highlighter plot depicts the T/F sequence at the top and the SG amplicon that was selected for cloning. The SG amplicon sequences start at nucleotide position 582 in the 5= LTR (U5 region) and extend to position 9606 in the 3=LTR (R region), based on the HXB2 numbering system. Thus, the scale bar at the bottom of the highlighter plots (C to F) starts at nucleotide position 1 as the first nucleotide of U3.
Generation of T/F IMCs from proviral DNA. For six subjects (700010106, THRO4156, RHPA4259, REJO4541, SUMA0874, and TRJO4551), IMCs were generated from integrated proviral DNA. The methodology developed for these six clade B-infected subjects has also been applied, with variations, to one clade B T/F virus in a linked MSM transmission study (44) and two clade C T/F viruses (55) . Derivation of IMCs from proviral DNA offered important advantages: amplicons contained complete 5= and 3= LTRs, and a shorter PCR amplicon length (overlapping half genomes) allowed the use of a high-fidelity DNA polymerase (Phusion Hot Start high-fidelity DNA polymerase [New England Biolabs] ).This significantly reduced the effort required for correcting mutations introduced into SG amplicons by Taq polymerase when cloning from vRNA/cDNA. High-molecular-weight genomic DNA (gDNA) was extracted from either uncultured patient PBMC or, for subject 700010106, from a CD4 ϩ /CCR5 ϩ recombinant cell line incubated for 24 h with HIV-1 ϩ patient plasma, using a Qiagen DNeasy blood and tissue kit. The gDNA samples were endpoint diluted in 96-well plates and, as detailed below, subjected to half-nested PCR amplification using primers specific for each subject to amplify the complete proviral DNA genome in two halves, including an overlapping segment containing a unique restriction enzyme site for ligating the two genome halves together.
To generate the pREJO.c, pTHRO.c, and pRHPA.c IMCs, proviral DNA genomes were amplified in two overlapping fragments, wherein the region of sequence overlap contained a unique SbfI restriction site. The PCR primers matched the T/F sequence of each virus, and MluI and ApaI restriction enzyme sites were added on to the 5= ends of the sense and antisense primers, respectively. Single-round bulk PCR amplification was performed in 1ϫ Phusion Hot Start HiFi buffer, with 0.2 mM concentrations of each dNTP, 0.5 M concentrations of each primer, a 3% final concentration of dimethyl sulfoxide, and 0.02 U/l of Phusion Hot Start high-fidelity polymerase in 50-l reactions. PCR products were purified, and adenine overhangs were added to each purified DNA as described above. The PCR product comprising each half-genome fragment was then independently TA cloned into a pCR-XL-TOPO vector (see above). Miniprep DNA from clones was screened for correct size of the insert and two to three clones of each genome half were sequenced. Clones had either no or few (2 to 4) nucleotide mutations. Those with the fewest changes were used to generate IMCs. For this purpose, any mismatched nucleotides were corrected by mutagenic PCR. Then, the 5= genome half was excised and cloned into the 3= genome-containing TOPO XL vector utilizing the MluI and SbfI restriction sites, thereby generating the full-length clone of each T/F provirus. The REJO genome was not stable in the pCR-XL-TOPO vector and thus was ligated into the modified low-copy-number pBR322 plasmid (55) . The maxiprep DNA of each final clone was sequenced and confirmed to match the cognate T/F virus genome.
The pSUMA.c IMC was generated according to a similar protocol except the overlapping region of the two PCR-amplified genome-halves contained a unique DraIII site, and they were initially cloned using the Zero Blunt TOPO PCR cloning kit (Invitrogen) before being ligated into the modified pBR322 plasmid.
For pTRJO.c, three DNA fragments were PCR amplified from provirus. Fragment 1 contained the complete 5= LTR, gag, and part of pol; fragment 2 contained the 3= ends of pol, vif, vpr, tat-1, rev-1, and vpu and the 5= end of env; and fragment 3 contained the 3= ends of env, tat-2, rev-2, and nef and the 3= LTR. Fragments 1 and 2 overlapped at the unique SbfI site, and fragments 2 and 3 overlapped at the unique AleI site; each fragment was individually TA cloned into the pCR-XL-TOPO vector. Of the many clones of fragment 3 that were analyzed, all of them contained G-to-A hypermutations, which were corrected by mutagenic PCR. Finally, the three genome fragments, each matching the T/F sequence, were ligated together and inserted into the modified pBR322 vector to yield pTRJO.c.
To generate pCH106.c, vRNA ϩ plasma from subject 700010106 was used to infect a CD4 ϩ /CCR5 ϩ recombinant cell line. Approximately 10 6 cells were seeded per well in a six-well tissue culture plate, and 25 l of plasma with 400 l of Hanks balanced salt solution (HBSS) and 40 g/ml of DEAE-dextran were added to the cells for 4 h. The supernatant was then removed and 1 ml of complete Dulbecco modified Eagle medium (DMEM) with 20 g/ml of the HIV fusion inhibitor T20 was added. The next day, the gDNA was isolated from the infected cells using a phenolchloroform gDNA isolation method and then used as a template for PCR. The PCR-amplified 5= half of the pCH106.c genome contained the 5= LTR (minus the first 37 nt of U3 since successful amplification required the use of an internal PCR sense primer), gag, pol, and the 5= end of vif. The 3= half of the genome contained the 3= end of vif, vpr, tat-1, rev-1, vpu, env, tat-2, rev-2, and nef and the 3= LTR. The 5= and 3= halves overlapped at a unique BamHI site, and the IMC was cloned into the pCR-XL-TOPO vector as described above.
Accession numbers and submission to NIH ARRRP. GenBank accession numbers reporting the inferred T/F proviral DNA sequence (5=-U3 through U5-3=) from each subject are shown in Table 1 . Also provided in Table 1 are the accession numbers identifying the complete nucleotide sequences of the 10 corresponding IMCs. In six cases the inferred T/F sequence and the IMC sequence are identical. In four cases (pCH106.c, pCH058.c, pCH040.c, and pRHPA.c) the plasmid-cloned nucleotide sequence is not identical to that of the cognate T/F proviral genome. In each case, differences exist only in the LTR, not in coding regions and, importantly, upon infection of target cells with IMC transfection-derived virus, the sequence of the T/F virus is completely restored through the process of reverse transcription (see the details in Results). (27) , at which samples were obtained for inference of the T/F sequence and construction of the IMCs.
We also submitted to GenBank the sequences of all near-genome-length 9-kb SG amplicons not previously reported by Salazar-Gonzales (55), i.e., those derived from subjects 700010106 (JN944898 to JN944903), RHPA4259 (JN944918 to JN944926), THRO4156 (JN944929 to JN944934), and REJO4541 (JN944911 to JN944915). Furthermore, the consensus sequences for all 10 R-U5-encompassing ϳ800-bp SG amplicons have been submitted to GenBank (with the following accession numbers: CH106_RU5_con, JN944896; CH40_RU5_con, JN944904; CH58_RU5_con, JN944906; CH77_RU5_con, JN944908; REJO_RU5_con, JN944910; RHPA_RU5_con, JN944916; SUMA_RU5_con, JN944927; THRO_RU5_con, JN944929; TRJO_RU5_con, JN944935; and WITO_RU5_con, JN944937).
Each of the IMCs (Table 1) has been submitted to the NIH AIDS Research Reference and Reagent Program, and the complete nucleotide sequence of the proviral DNA-containing plasmids, including annotation, can be found in the Reagent Data Sheet for Catalogue 11919 (https: //www.aidsreagent.org/reagentdetail.cfm?tϭmolecular_clones&idϭ540).
Viruses. HIV-1 virus isolates, including BaL (32), SF162 (10), and ADA (33) , and molecular clones, including JRCSF (41) and YU-2 (Li et al., unpublished data), were utilized as experimental controls. In certain studies, phenotypes conferred by T/F Envs were analyzed by expressing T/F env genes in an isogenic proviral DNA backbone that is replication competent and stably expresses Renilla luciferase (LucR). This proviral backbone enables expression of exogenous Envs in cis (22) and was used for expressing the env ectodomain-encoding region of the following viruses: BaL, SF162, WITO.c, CH040.c, CH058.c, CH077.t, SUMA.c, CH106.c, REJO.c, THRO.c, and YU-2. The recombinant Env-IMC-LucR viruses were named NL-LucR.T2A-BaL.ecto, NL-LucR.T2A-SF162.ecto, NLLucR.T2A-WITO.ecto, NL-LucR.T2A-CH040.ecto, NL-LucR.T2A-CH058.ecto, and NL-LucR.T2A-CH077.ecto (all described in reference 22), as well as NL-LucR.T2A-SUMA.ecto, NL-LucR.T2A-CH106.ecto, NL-LucR.T2A-REJO.ecto, NL-LucR.T2A-THRO.ecto, and NL-LucR.T2A-YU-2.ecto. The identity of each construct was confirmed by nucleotide sequence analysis.
Cells. The TZM-bl cell line was used to analyze virus infectivity, as described previously (62, 63) . 293T/17 cells were obtained from the American Type Culture Collection (CRL-11268). Both cell lines were maintained in Dulbecco modified Eagle medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS), penicillin (100 U/ml), and streptomycin (100 U/ml). Primary human PBMC were isolated by Ficoll gradient centrifugation from buffy coats of healthy HIV-1-seronegative donors. Buffy coats were obtained from Research Blood Components (Brighton, MA) or provided by Tom Denny (Duke University) and the CAVD CTC-VIMC (funded by the Bill and Melinda Gates Foundation) in accordance with approved IRB protocols. For certain studies, CD4 ϩ T lymphocytes were positively selected from PBMC with anti-CD4 magnetic beads (Miltenyi Biotec). The cells were then incubated in 10-cm polystyrene tissue culture plates for 2 h at 37°C in HBSS with 10 mM Ca 2ϩ and Mg 2ϩ to remove adherent monocytes. Nonadherent cells were collected, washed in RPMI 1640 supplemented with 15% FBS, and resuspended at 10 6 cells/ml in RPMI 1640 plus 15% FBS and 3 g/ml of staphylococcal enterotoxin B (SEB; Sigma-Aldrich) for 48 h at 37°C to activate the lymphocytes. MDM were isolated by using one of two methods. For the first, PBMC were plated at 3 ϫ 10 6 cells per well in a 24-well plate in HBSS plus 10 mM Ca 2ϩ and Mg 2ϩ plus 10% human AB serum (Sigma-Aldrich) and then incubated at 37°C for 2 h. Nonadherent cells were removed, and DMEM with 10% giant cell tumor (GCT)-conditioned medium (Irvine Scientific) plus 10% human AB serum was added to wells with 5 U/ml of rhMCSF (R&D Systems). After 3 days of incubation, the cells were washed vigorously with phosphate-buffered saline (PBS) three times, and medium containing DMEM with 10% GCT, 10% FBS, and 5 U/ml of rhMCSF was added to the wells. After 3 additional days in culture, the macrophages were utilized for experiments. Alternatively, monocytes were positively selected from PBMC with anti-CD14 magnetic beads (Miltenyi Biotec). The CD14-positive cells were plated onto petri dishes and allowed to adhere for 1 h in serum-free DMEM supplemented with penicillin (100 U/ml) and streptomycin (100 U/ml). After 1 h of incubation, the unattached cells were removed, and the adherent monocytes were incubated overnight in DMEM supplemented with either 10% FBS or 10% autologous serum. After 24 h, the medium was changed, and the cells were allowed to differentiate to macrophages for an additional 5 to 6 days. Cultures were fed with fresh medium every 2 to 3 days. At 1 to 2 days prior to infection, the macrophages were washed with PBS, incubated for 10 min in trypsin at 37°C, gently scraped from the petri dishes, and seeded into appropriately sized wells for experiments.
Generation of virus stocks. Virus stocks were either generated by proviral DNA transfection of 293T cells using FuGENE 6 according to the manufacturer's protocol (Roche Applied Science) or by propagating the virus in PBMC. Viral supernatants were harvested from 293T cells at 60 h posttransfection and from PBMC at 5 to 7 days postinfection. The supernatants were clarified at 1,800 ϫ g for 10 min, filtered through 0.45-mpore-size filters, and frozen at Ϫ70°C. The clarified supernatants were analyzed by ELISA (Perkin-Elmer) for HIV-1 p24 antigen concentration. Virus stocks were also titered on the TZM-bl reporter cell line by enumeration of ␤-galactosidase (␤-Gal)-stained cells as described previously (62) . Titers are expressed as TZM-bl infectious units (IU) per ml.
Determination of viral coreceptor usage. Coreceptor utilization was analyzed on TZM-bl cells seeded 1 day prior to infection at 8,300 cells/well in 96-well plates. Medium was removed the next day, and the cells were pretreated for 1 h without or with either AMD3100 (1.2 M), TAK-779 (10 M), or a combination of both. Portions (2 ϫ 10 3 TZM-bl IU) of each virus stock were added in the presence of DEAE-dextran (40 g/ml) and, after incubation for 48 h at 37°C, the cells were analyzed for firefly luciferase activity (Promega). Relative light units (RLU) were determined using a Tropix luminometer and WinGlow version 1.24 software.
Analysis of viral infectivity and replication in CD4 ؉ T cells and MDM. Virus replication was analyzed by measuring p24 antigen in cultures of CD4 ϩ T lymphocytes and MDM. Cells were infected for 15 to 18 h with virus normalized to either 50 ng of p24 or 5 ϫ 10 4 TZM-bl IU per well. The cells were then washed three times and resuspended in fresh medium. Every 3 days, supernatants were collected from the cultures and stored at Ϫ70°C until samples were analyzed. The remaining medium in each well was completely removed on each sample day and replaced. Virus released into the supernatant was quantified by HIV p24 ELISA (PerkinElmer, catalog no. NEK050); the lower limit of detection for the kit, and therefore for that of undiluted sample, is 10 to 12.5 pg/ml of p24.
Virus infectivity and replication was also assessed in MDM infected with Env-IMC-LucR viruses by analyzing Renilla luciferase (LucR) expression. For analysis of infectivity, MDM seeded at 5 ϫ 10 4 cells per well in 96-well plates were either infected overnight or for 4 h (donor 4) at an MOI of 1 (5 ϫ 10 4 TZM-bl IU; donors 1, 2, 3, and 6), 3 (1.5 ϫ 10 5 TZM-bl IU; donors 4 and 5), or 5 (2.5 ϫ 10 5 TZM-bl IU; donor 7). The virus was then removed, and fresh medium was added to the cells. The medium was removed from the cells on the day of lysis (5 to 7 days postinfection), and 100 l of 1ϫ Renilla luciferase assay lysis buffer (Promega catalog no. E2820) was added to each well. To determine virus replication kinetics, MDM were seeded in 96-well plates at 4.5 ϫ 10 4 cells per well, replicas were infected with 2.25 ϫ 10 5 TZM-bl IU (MOI of 5) of each virus for 8 h and then washed, and the medium was replaced. On days 1, 2, and 6 postinfection, the cells were lysed and stored at Ϫ70°C. Samples were freeze-thawed twice, and then 20 l of each cell lysate was analyzed for LucR activity using a Victor 3 luminometer (Perkin-Elmer) programmed to inject 100 l of luciferase assay reagent per well with an exposure time of 10 s/well. All LucR values are corrected for background/blank (typically, 120 to 160 RLU).
Analysis of HIV-1 cDNA synthesis. MDM were seeded at 2.5 ϫ 10 5 cells per well in 24-well plates and infected with 1.25 ϫ 10 6 TZM-bl IU (MOI of 5) of PBMC-derived virus stocks, except where otherwise specified. At either 24 or 72 h postinfection, the cells were washed three times, and the total DNA was extracted with a QIAamp DNA blood minikit. Early cDNA products of reverse transcription were analyzed by using semiquantitative methods as previously described (67, 68) . The primer pair used for PCR consists of a sense primer (M667) corresponding to a sequence in the R region and an antisense primer (AA55) corresponding to a segment of the U5 LTR (68) . As a control for quantitation, the GAPDH housekeeping gene was PCR amplified from the same samples. All samples were DpnI digested prior to amplification to ensure there was no plasmid DNA contamination in the cultures. The quantity of each PCR amplicon was measured in agarose gels using a Fujifilm LAS-4000 minigel documentation system.
RESULTS

Patient demographics.
Single-variant T/F IMCs were generated from either acute plasma vRNA or PBMC obtained from 10 adult subjects during the acute phase of HIV-1 infection (Table 1) . One female and two male subjects reported heterosexual (HSX) exposure as their only HIV-1 risk factor, six subjects were men who had sex with men (MSM), and one male subject reported HSX, as well as MSM, as risk factors. Each study subject was infected with a clade B strain of HIV-1.
Identification of T/F genome sequences. Knowledge of complete proviral T/F genome sequences is a prerequisite for the generation of T/F IMCs. We previously described in detail how the identity of single-variant T/F viruses was inferred for 6 of the 10 subjects analyzed in the present study, including WITO4160, 700010040, 700010058, 700010077, TRJO4551, and SUMA0874 (55) (referred to as WITO, CH040, CH058, CH077, TRJO, and SUMA, respectively, throughout the Results). For this study, T/F virus genomes were identified from four additional subjects, 700010106, RHPA4259, THRO4156, and REJO4541 (referred to as CH106, RHPA, THRO, and REJO, respectively) by a similar strategy (see Fig. S1 in the supplemental material). A caveat of the 9-kb SGA PCR strategy is that a portion of the T/F sequence is obscured by the use of HIV-1/HXB2-specific amplification primers corresponding to the first 30 nucleotides of the 5= U5 and the last 30 nucleotides of the 3= R, respectively (Fig. 1A) . Therefore, the T/F virus sequence of these regions was determined separately by generating SG amplicons comprising a 5= R-U5-containing DNA segment of the genome from vRNA/cDNA and then deriving the consensus sequence (RU5_con; see Fig. S2 in the supplemental material). In concordance with the mathematical model (39, 43, 54) , the consensus sequence was identified as the actual T/F sequence in each case. An alignment of the ϳ800-bp SG amplicon consensus sequences beyond the nucleotides missing from the 9-kb SG amplicon analysis with cognate T/F sequences demonstrated 100% identity. This is illustrated for each of the 10 subjects in Fig. S2 in the supplemental material for the first 200 nt of the amplicons, including sequence comprising the R-U5 junction.
Nucleotide sequence analysis of clones derived from 9-kb near-genome-length SG amplicons of plasma vRNA. WITO was the first subject from which a T/F IMC was generated by cloning near-full-length genomes from SG amplicon. Previous Highlighter analysis of the nucleotide sequence obtained by direct sequencing of SG amplicons derived from WITO identified nine amplicons that had all open reading frames intact (55) . Each of the nine differed from the others by at least one nucleotide and, with the exception of E1, the genomes contained between 1 and 7 nt that did not match that of the T/F sequence (Fig. 1B) . Therefore, the E1 SG amplicon was selected for cloning to create a T/F IMC. DNA molecules comprising the E1 SG amplicon were cloned by ligation into the pCR-XL-TOPO vector, and complete nucleotide sequence analysis of nine clones demonstrated that none were identical to either the WITO T/F sequence or each other (Fig. 1C) . The number of mutations per clone ranged from 2 to 14, with an average of 8.
Using an identical approach, molecular clones were derived from SG amplicons of subjects CH040, CH058, and CH077. A 9-kb SG amplicon with only one T/F-mismatched nucleotide was identified for each subject and thus was selected for cloning ( Fig.  1D to F) . Among 10 clones derived from the selected SG amplicon of each subject, sequence analysis revealed multiple mutations introduced by Taq polymerase error compared to the T/F nucleotide sequence: the numbers of mutations per clone ranged from 9 to 17, 5 to 20, and 7 to 17, with averages of 10.9, 11.7, and 11.5, respectively (Fig. 1D to F) . Direct (uncloned) sequencing of SGamplicons does not detect these errors unless introduced by Taq polymerase during the first one to two cycles of PCR, in which case they manifest as mixed bases on the chromatogram (54). Our results reiterate that SG amplicons comprise mixed populations of HIV-1 sequences. At the clonal level, the variants are detected with a greater frequency and complicate the derivation of nucleotide exact T/F virus IMCs.
Generation of full-length T/F IMCs from plasma vRNA/ cDNA. The SG amplicons generated from vRNA/cDNA, and thus clones derived from them, are incomplete genomes, lacking the 5= U3-R and the 3= U5 elements comprised in proviral DNA (Fig.  1A) . To generate infectious, replication-competent molecular clones that produce virus identical to T/F viruses, we had to reconstitute the LTRs as well as correct the Taq polymerase mutations found scattered throughout the cloned genomes. The latter was achieved by a combination of molecular approaches, including the ligation of subgenomic fragments matching the T/F sequence from several different TA-cloned genomes, mutagenic PCR amplification and recloning of corrected fragments, and the QuikChange method. The approach to reconstitute the 5= and 3= LTRs, is detailed in Materials and Methods. Briefly, a DNA fragment encompassing the complete T/F 5= LTR and the adjacent untranslated region sequence was first generated by PCR and ligated into the pCR-XL-TOPO vector containing the cognate 9-kb genome. Second, for WITO and CH077, we also restored the U3-R-U5 structure of the 3= LTR by PCR methods.
Nucleotide sequence analysis confirmed that the completed molecular clones derived from WITO and CH077, designated pWITO.c and pCH077.t, respectively, were identical to their cognate T/F genome sequences; these plasmid clones comprise all genetic elements of a complete provirus. In the case of CH058 and CH040, the 3= LTR of the molecular clones (designated pCH058.c and pCH040.c, respectively) does not contain U5; however, it is restored in the first cycle of virus replication since the 3= U5 is synthesized by the reverse transcriptase using the 5= LTR U5 cDNA as a template (59) . The pCH040.c clone also contains a single nucleotide mutation (T) at the third nucleotide position prior to the end of the 3= R that was unintentionally introduced by PCR during the cloning process. The transmitted sequence for CH040 has an A at this position. However, since the 5= R cDNA is used as a template by the reverse transcriptase to synthesize the 3= R during reverse transcription, the wild-type nucleotide (A) is restored in the first cycle of virus replication. Therefore, the integrated proviruses and the proteomes of CH040.c and CH058.c are identical to those of the respective T/F viruses.
Derivation of full-length T/F IMCs from proviral DNA. The examples of WITO, CH077, CH040, and CH058 indicate the labor-intensive nature of generating IMCs from plasma vRNA/ cDNA. Reasoning there would be minimal sequence diversity of proviral DNA during early/acute infection, we explored an alternative approach involving PCR amplification of proviral DNA from uncultured PBMC obtained from subjects for which T/F sequences had already been deduced. This strategy offered two significant advantages. First, reconstitution of the LTRs would not be necessary and, second, a high-fidelity DNA polymerase (Phusion) could be used, obviating a significant effort required for correcting mutations introduced in SG amplicons by Taq polymerase. Briefly, gDNA was extracted from PBMC obtained from five subjects: TRJO4551, REJO4541, RHPA4259, SUMA0874, and THRO4156 (referred to here as TRJO, REJO, RHPA, SUMA, and THRO). PBMC were not available for subject 700010106 (referred to here as CH106), and therefore vRNA ϩ plasma from acute infection was used to infect a CD4 ϩ /CCR5 ϩ recombinant cell line, from which gDNA was isolated.
The proviral DNA genomes were amplified in two halves, amplicons were TA-ligated into the pCR-XL-TOPO vector, and clones of each fragment were sequenced and compared to the T/F sequence. With the exception of TRJO, the number of nucleotide differences throughout the genome was relatively small, between 2 and 4. These nucleotide mismatches were corrected by PCR using mutagenic primers. In the case of TRJO, all of the clones of the 3= half contained multiple G-to-A substitutions, indicative of the APOBEC hypermutation. The clone with the fewest mutations, which were localized between nt 8225 and 8382, was restored to the T/F nucleotide sequence using a long mutagenic primer and PCR. Full-length IMCs were generated by ligation of the cognate 5= and 3= pieces, facilitated by the internal unique restriction site. The proviral clones of TRJO, REJO, and SUMA were not stable in the pCR-XL-TOPO vector and were therefore ligated into a modified low-copy-number pBR322 plasmid (55) . In the case of CH106, the 5= PCR amplicon, and thus the IMC, lacked the first 37 nt of the 5= LTR since successful amplification required the use of an internal PCR sense primer. The cloned and sequence-confirmed T/F IMCs were designated pCH106.c, pTHRO.c, pRHPA.c, pREJO.c, pSUMA.c, and pTRJO.c (Table 1) .
Infectivity of T/F IMC virus stocks.
A virus stock of each IMC was generated by DNA transfection of 293T cells. The production of HIV-1 p24 antigen was similar among the different T/F, and control viruses, including YU-2, BaL, JRCSF, and SF162 ( Fig. 2A) .
This result indicated that neither the lack of the first 37 nucleotides of the 5= LTR (CH106.c) nor the absence of the 3= U5 LTR element (CH040.c and CH058.c) had a marked negative effect on the generation of virions in transfected 293T cells. We confirmed infectivity of transfection-derived virus stocks on TZMbl cells (data not shown) before inoculating PBMC cultures in order to analyze the relative infectivity of T/F viruses produced in primary cells. Among the 10 T/F viruses, p24 antigen concentrations at 5 days postinfection ranged from 80 to 350 ng/ml. PBMC-derived viruses were also titered on TZM-bl cells, and the infectivity ranged from about 10 4 to 10 5 IU/ng of p24 (Fig. 2B) . The median infectivity value of the T/F IMCs (5.7 ϫ 10 4 IU/ng of p24) was similar to that of BaL, SF162, JRCSF, and YU-2 (3.2 ϫ 10 4 IU/ng of p24). These results indicate that the T/F viruses productively infect PBMC and that progeny virus is similar in infectivity on TZM-bl cells to that of the control viruses.
Analysis of coreceptor usage. HIV-1 generally utilizes either CXCR4 or CCR5 as a coreceptor; however, CCR5-tropic viruses are almost exclusively transmitted. We tested the coreceptor usage of the T/F viruses on TZM-bl cells infected in the presence of the coreceptor antagonist TAK779 (CCR5), AMD3100 (CXCR4), or a combination of both. The CXCR4-tropic virus NL4-3 and the CCR5-tropic viruses YU-2 and ADA were included as controls. Each of the T/F viruses demonstrated high levels of infection in the presence of AMD3100 and sensitivity to TAK779, indicating they primarily utilize the CCR5 coreceptor for infection of TZM-bl cells (Fig. 3) . The ability to utilize CCR5 was in accordance with the findings of Wilen et al. (64) , who analyzed pseudovirions for coreceptor usage in NP2-CD4 ϩ /CCR5 ϩ cells. Interestingly, pseudovirions containing the CH077 T/F Env efficiently infected NP2-CD4 ϩ /CXCR4 ϩ cells, suggesting utilization of the CXCR4 coreceptor (data not shown). In addition, a subset of IMC-derived T/F viruses was tested in PBMC from a donor carrying the delta32-CCR5 mutation, and CH077.t, but not CH040.c, CH058.c, or THRO.c, was able to replicate (data not shown).
Analysis of macrophage tropism. For historical reasons, CCR5 tropism is still often equated with macrophage tropism. However, R5-tropic viruses exhibit considerable variation in their capacity to infect primary macrophages (50) (51) (52) . Recently, Duncan and Sattentau (18) approached the concept of tropism is both categorical (replication or not), and continuous (the spectrum of replication capacity) terms and introduced the terms "macrophage tropic" (mac-tropic) and "macrophage replication capac- ity" (MRC) to distinguish more clearly the distinct qualitative and quantitative aspects, respectively, of the tropism phenotype. Generally, R5 Envs from brain tissue demonstrate a high MRC, whereas those derived from lymph nodes, blood, and semen are generally either not mac-tropic or exhibit a low MRC (inefficient infection) (18, 52) . Because of the significance for understanding mucosal HIV-1 transmission, we examined the panel of 10 clade B T/F viruses for infection and replication in cultures of primary CD4 ϩ T lymphocytes and autologous MDM. In T lymphocyte cultures, viral T/F virus p24 concentrations increased over a 10-day period, with kinetics similar to those of the YU-2, BaL, and ADA control viruses (Fig. 4A) . In MDM, however, replication of the T/F virus group did not resemble that of the control viruses (Fig. 4C) . At day 4, p24 produced from control viruses reached 18 to 74 ng/ml, while that of the T/F viruses ranged from 0.1 to 1 ng/ml, with the exception of CH058.c, which remained below the assay limit of detection in this particular donor PBMC. The amount of p24 produced in MDM cultures infected with control viruses continued to rise on days 7 and 10. While MDM infected with the T/F viruses also continued to release p24, the levels were TZM-bl IU of the control viruses YU-2, ADA, and BaL (labeled as M-tropic) and a panel of T/F viruses. Cell cultures were washed three times on day 1 and resuspended in 1 ml of fresh medium. On days 4, 7, and 10, the culture medium was completely removed for analysis of p24 antigen, and fresh medium was added back. Scatter plots show p24 antigen concentrations on day 10 for CD4 ϩ T lymphocyte (B) and MDM (D) cultures. The median value for each group is indicated by a horizontal bar. Statistical significance of difference between medians was determined by calculating an exact two-tailed P value (Wilcoxon rank-sum test) and is indicated by "**". NS, not significant. up to 2 orders of magnitude lower than for the control viruses with high MRC. As illustrated in Fig. 4B and D, on day 10 the p24 concentrations produced by T/F and control viruses in T lymphocytes were similar (median values of 1,824 and 1,783 ng/ml, respectively), whereas in MDM the median values (4.4 and 211 ng/ ml, respectively) were significantly different.
Virus replication was examined using several different blood donors, and in a representative experiment (Fig. 5) , a subset of the T/F viruses was analyzed alongside the JRCSF strain of HIV-1. JRCSF, isolated from the cerebrospinal fluid of an individual with chronic HIV-1 disease, utilizes the CCR5 coreceptor and has been classified as low-or non-mac-tropic (41) . Similar to our findings above, this experiment demonstrated that T/F viruses replicate efficiently in CD4 ϩ T lymphocytes but not in MDM in comparison with ADA, YU-2, and BaL. The replication profile of the T/F viruses in both CD4 ϩ T lymphocytes and MDM resembled that of JRCSF (Fig. 5) . When the analysis of T/F virus replication in CD4 ϩ T lymphocytes and MDM from the same donor was repeated several times, using a total of four different blood donors, similar results were obtained each time (Fig. 4 and 5 and data not shown) . Notably, while the rank order of T/F virus replication varied among different donor MDM, REJO.c and THRO.c replicated to higher titers in most MDM compared to the other T/F viruses. These results indicate that, as a group, T/F viruses do not display a high capacity to replicate in MDM. Nevertheless, our results also suggest that T/F viruses are not a homogeneous group with respect to their macrophage replication capacity.
Sensitivity of T/F virus infection to soluble CD4 (sCD4).
The molecular determinants of HIV-1 Env that define macrophage tropism are not well understood. It has been reported that viruses with a high MRC are more sensitive to inhibition by reagents that interfere with gp120-CD4 interactions (e.g., sCD4) (50). Thus, we analyzed the sensitivity of the T/F viruses to serially diluted sCD4 in comparison to YU-2, SF162, JRCSF, and BaL by using TZM-bl cells as targets of infection. For each virus tested, we observed a dosage-dependent inhibitory effect on infectivity. The median 50% inhibitory concentration (IC 50 ) of sCD4 was significantly lower in the mac-tropic control group than in the T/F group (3.15 of the control viruses with high MRC, YU-2, ADA, and BaL (labeled as M-tropic), the low/non-mac-tropic control virus JRCSF, and a panel of T/F viruses. Cell cultures were washed three times on day 1 and resuspended in 2 ml of fresh medium. On days 4, 7, and 10, the culture medium was completely removed for analysis of p24 antigen, and fresh medium was added back. Scatter plots show the p24 antigen concentrations on day 10 for CD4 ϩ T lymphocyte (B) and MDM (D) cultures. The median value for each group is indicated by a horizontal bar. Statistical significance of difference between medians of the T/F and M-tropic group was determined by calculating an exact two-tailed P value (Wilcoxon rank-sum test) and is indicated by "*". NS, not significant. g/ml versus 65.29 g/ml; P ϭ 0.01) (Fig. 6) . The IC 50 s for most of the T/F viruses were similar to that of the JRCSF control. Notably, there were outliers among the T/F viruses. In particular, REJO.c exhibited a relatively high degree of sensitivity to sCD4, a phenotype consistent with its greater MRC compared to the other T/F viruses. Similarly, THRO.c was overall more infectious in macrophages and more sensitive to sCD4 relative to the other T/F viruses. These results indicate that, as a group, T/F viruses are less sensitive to sCD4 than viruses with a high MRC. However, our results suggest that among the T/F viruses some variants exhibit an intermediate level of replication capacity in macrophages.
Determinants of T/F virus macrophage tropism map to Env. We examined whether determinants expressed by the env gene were responsible for the poor replication of T/F viruses in macrophages by analyzing T/F env sequences expressed in an isogenic proviral genome. We utilized the previously reported Env-IMCLucR approach (22) , which enables analysis of heterologous env's expressed in cis in a replication-competent, Renilla luciferase (LucR)-expressing backbone. Since the sites for Env receptor and coreceptor interaction are present within the Env ectodomain, this strategy allowed an assessment specific to mechanisms of virus entry and avoided confounding differences among viral proteomes outside of Env that may be affected differently by host/ macrophage restriction factors that may act at several different steps of the life cycle (5) . MDM were infected with normalized amounts of virus and as early as 24 h postinfection, de novo LucR expression was detected for each of the control Envs (Fig. 7A) . The viruses encoding T/F Envs yielded much lower levels of LucR expression; however, for NL-LucR.T2A-REJO.ecto and NLLucR.T2A-THRO.ecto, the reduction was less pronounced. Detection of LucR at this 24-h time point is indicative of first-round virus infection (22) , suggesting that viruses encoding T/F versus control Envs differ at an early step in the virus life cycle. Differences were magnified at day 6, likely by additional rounds of virus replication. LucR expression from viruses encoding T/F Envs from CH040.c, CH058.c, CH106.c, and SUMA.c was at least 100-fold lower compared to the controls, and T/F Envs from REJO.c and THRO.c yielded ϳ10-fold lower LucR expression (median for T/F group, 7 ϫ 10 3 LucR RLU; median for control group, 1.04 ϫ 10 6 LucR RLU) (Fig. 7A and B) .
Using subsets of viruses, the analysis was repeated with MDM derived from seven different donors. In each experiment, less LucR expression was detected from the T/F Env-IMC-LucR viruses compared to controls (Fig. 7C) . For each donor, the median day 6 LucR values show markedly lower productive MDM infection with T/F Env-IMC-LucR viruses, and across the seven donors the difference between the T/F versus control viruses was statistically significant, as determined by the exact two-tailed Wilcoxon matched-pairs signed-rank test (P ϭ 0.0156). Notably, although considerable variation was observed in virus replication (i.e., level of LucR expression) among the different donor MDM, a phenotype previously reported (7, 8, 23, 29) , in each case there remained a difference of 1 to 3 orders of magnitude between T/F and control viruses. This analysis revealed differences in terms of virus infectivity and replication that are similar to those observed studying full-length viruses. It also recapitulates the intermediate phenotype exhibited by REJO.c and THRO.c. These results suggest that the macrophage tropism phenotype and the MRC of the T/F viruses is due to virus-specific determinants present in the ectodomain of Env glycoproteins from these viruses.
Analysis of T/F virus cDNA synthesis in MDM.
To further analyze whether differences between T/F and control viruses manifest early in the life cycle, MDM were infected with Env-IMCLucR viruses and analyzed for the synthesis of viral cDNA. Compared to virus expressing the env ectodomain of BaL, less viral cDNA was detected in MDM infected with LucR-reporter virus encoding T/F Env from CH040.c and CH077.t (Fig. 8A) . LucR expression levels quantified in a parallel experiment were consistent with the cDNA results (Fig. 8B) . To validate these findings, we infected MDM with PBMC-derived full-length T/F viruses. At 24 h after infection, near the peak of cDNA synthesis and prior to secondary infection (57) , greater amounts of early viral cDNA (R-U5) accumulated in MDM infected with BaL, SF162, and YU-2 than in cells infected with T/F viruses (Fig. 9) . Together, our results indicate that the T/F virus phenotype of low replication capacity in macrophages maps to Env and involves a step in the replication cycle prior to or at the initiation of reverse transcription, most likely virus entry.
DISCUSSION
The nucleotide sequence of HIV-1 genomes responsible for sexual HIV-1 transmission can now be identified (36, 39, 54, 55) . Based on the hypothesis that the derivation of full-length, replicationcompetent molecular clones of T/F viruses will provide new opportunities to elucidate HIV-1 mucosal transmission and inform prevention strategies, we describe here the molecular derivation of 10 clade B IMCs, each expressing the proteome of a single-variant T/F virus. Four of the ten IMCs were derived by cloning 9-kb near-genome-length SG amplicons from plasma vRNA. Each of the four T/F viral genomes had been identified previously by direct sequencing of the SG amplicons (55) . Sequence analysis of the molecular clones revealed that individual SG amplicons contained numerous nucleotide substitutions introduced by Superscript III reverse transcriptase and/or Taq polymerase. These mutations are not detected by direct sequencing of uncloned SG amplicons unless polymerase errors occur during cDNA synthesis or the first or second cycle of PCR. Therefore, to create the T/F IMCs from SG amplicons it was necessary to repair numerous mutations and missing LTR sequence. Because of the labor-intensive nature of this effort, an alternative, less labor-intensive strategy was developed and applied to generate six additional T/F IMCs. Here, HIV-1 genomes were cloned from PCR-amplified proviral DNA (gDNA) of either uncultured PBMC obtained from acutely HIV-1-infected subjects or from a CD4 ϩ /CCR5 ϩ recombinant cell line that was infected with acute plasma virus. An advantage of cloning from proviral DNA is that a high-fidelity DNA polymerase could be used for PCR amplification, thereby significantly reducing the frequency of polymerase errors. Moreover, the amplicons comprise complete LTR sequences. After constructing each IMC, the entire nucleotide sequence was analyzed to confirm identity with that inferred for the T/F virus by analyzing SG amplicon sequences. In certain instances, we elected not to correct nucleotide mismatches for pCH040.c, pCH058.c, pCH106.c, and pRHPA.c, since they exist in noncoding regions of the viral DNA (either the 5= U3-R or the 3= U5 LTR elements) and are replaced with T/F sequence in the very first round of virus infection through the process of reverse transcription (59) . Possible negative effects of these non-T/F nucleotides on transcription following DNA transfection into 293T cells and the generation of progeny virus were considered and ruled out empirically. A third approach for generating T/F IMCs involves the chemical synthesis of proviral genome fragments based on nucleotide sequence inferred from SG amplicons of plasma vRNA/cDNA, followed by cloning to generate a complete copy of the proviral genome (44, 55) . This approach, while the least labor-intensive, can be cost prohibitive but allows generation of IMCs in situations where patient samples are not available.
Having created the panel of 10 T/F IMCs, the first question we addressed was whether the viruses were infectious and replication competent. As would be expected of T/F viruses causing clinical infection, our analysis demonstrated that all 10 clade B IMCs produced replication-competent virus. This result further validates and supports the mathematical model that was used to infer T/F virus genomes from plasma vRNA-derived sequences (39, 43, 55) . Initial biological support had come from two of these studies (44, 55) when the genomes of one clade B virus and three clade C viruses were cloned and found to encode replication-competent virus.
In cultures of activated PBMC the T/F viruses replicated efficiently, exhibiting kinetics similar to control viruses which included "highly" mac-tropic strains, YU-2, BaL, and ADA (i.e., strains with a high MRC [18] ). The T/F viruses also replicated in MDM; however, their replication was significantly less efficient compared to YU-2, BaL, and ADA. This phenotype was shown to be a function of the Env glycoprotein and was manifested at or before reverse transcription, likely at virus entry. Notably, the magnitude of replication in MDM varied appreciably among the different T/F viruses. This was especially evident for REJO.c and THRO.c, which were more infectious and replicated more efficiently in most donor MDM. Consistent with this phenotype, REJO.c and THRO.c were more sensitive to inhibition by sCD4 than were the other T/F viruses. In agreement with earlier studies, our results also indicated that MDM from different donors exhibited considerable variation in their susceptibility to productive HIV-1 infection (7, 65) . While our panel of 10 clade B T/F viruses exhibited a lower MRC than prototypic mac-tropic control viruses, our analysis clearly demonstrates that as a group they are replication competent in cultures of MDM. These findings provide a clearer picture of the replication properties of clade B T/F viruses in MDM than was previously reported in one study limited to a single clade B T/F virus (55) and one limited to three clade C T/F viruses derived from 2 patients (44).
Determinants of macrophage tropism have been identified in the HIV-1 env gene (17, 19-21, 50, 52) . Two well-described env variants often found in mac-tropic viruses displaying high MRC encode amino acid residues N283 and D386. N283 resides in the gp120-CD4-binding site and presumably increases the affinity of gp120 for CD4 (20) . D386 lies in V4 and disrupts a potential N-linked glycosylation site that has been postulated to affect macrophage tropism by increasing exposure of the gp120-CD4 binding site (19, 21) . Among the 10 clade B T/F viruses, RHPA.c and WITO.c encode N238 and CH058.c and CH077.c express D386. Nonetheless, these viruses exhibited inefficient cDNA synthesis, infection, and replication in MDM. It is noteworthy that determinants of HIV-1 macrophage tropism may also involve host factors that affect replication at different levels of the virus life cycle subsequent to entry (3, 5, 29, 42) . However, since the phenotypes of both the T/F IMCs and control viruses (BaL, YU2, SF162, and JRCSF)-as defined by levels of cDNA synthesis, viral gene expression, and replication-were transferable by expression of their respective Env ectodomains in the isogenic Env-IMC-LucR backbone, it seems unlikely that the "low" macrophage tropism phenotype of T/F viruses is due to interactions between other (non-env) viral determinants and macrophage host restriction factors. Therefore, our analyses of env in the Env-IMC-LucR isogenic backbone would argue that a low capacity to replicate in MDM is a function of the T/F env.
Initially, HIV-1 viruses were categorized by their ability to infect either macrophages or replicate efficiently in T cell lines (25, 61) . The identification of the CCR5 and CXCR4 coreceptors provided a molecular explanation for this observation (2, 6, 9, 11, 14, 16, 24) , eventually leading to a classification of viral tropism as R5-tropic versus X4-tropic, based on the chemokine receptor used for cell entry. This classification, however, does not define the ability of virus to infect a given cell type expressing that receptor. We found that all T/F IMCs utilize CCR5 as a coreceptor, and CH077.t can also use CXCR4 on certain target cell types (64; data not shown). Marked differences exist between R5 viruses in their tropism for primary macrophages (13, 18, 41, 58) . HIV-1 R5 variants that exhibit a high MRC can gain entry into cells with low surface expression of CD4, whereas R5 viruses with a low MRC seem to require higher levels for entry (47, 49, 52) . Furthermore, a strong correlation exists between high MRC and sensitivity to reagents that inhibit gp120-CD4 interactions (50) . Our results are in keeping with this observation in that the T/F viruses infected and replicated in MDM less efficiently than high MRC control viruses and required significantly higher concentrations of sCD4 to inhibit their infection of susceptible cells. Our findings suggest that viral variants with a high replication capacity in MDM are neither selected by nor required for mucosal HIV-1 transmission. Since such variants would arguably have broader cell tropism, a plausible explanation for their absence among the 10 T/F viruses described here is that high MRC variants are not predominant in tissues involved in sexual transmission. Consistent with this interpretation, viruses with a high MRC phenotype tend to be compartmentalized to brain (35, 47, 52, 60) , while viruses in blood, lymph nodes, and semen generally do not efficiently infect MDM. Studies demonstrating that "resting" memory CD4 ϩ T cells are likely the principal early targets of HIV-1 and SIV infection in humans and primates, respectively (38, 48, 69, 70) , would further argue that macrophages may not be initial targets in HIV-1 transmission. Nevertheless, the sensitivity of specialized tissue cells present at mucosal sites of HIV-1 transmission to T/F viruses remains to be determined. Ongoing studies in our laboratories and others aim to elucidate T/F virus tropism in mucosal cell populations, including tissue macrophages.
Our analysis using endo-and ectocervix explants models suggest that T/F viruses are less infectious or replicative compared to BaL, SF162, and YU-2, which are commonly used strains for in vitro model systems (unpublished). Taken together, our results bear significance for the design of in vitro model systems meant to analyze HIV-1 transmission, since prototypic "highly macrophage-tropic" viruses may not best represent virus-host interactions operative during natural infection. Finally, discovery and validation of effective measures to prevent HIV-1 sexual transmission will require understanding fundamental principles of mucosal immunobiology and virology at the sites of HIV-1 entry (37). Thus, the generation and initial biological characterization of the 10 clade B T/F IMC provide important underpinnings for AIDS/HIV prevention research, in particular that aimed at elucidating virus-host interactions during the earliest stages of HIV-1 clinical infection.
